ABSTRACT A 3-D numerical wave tank (NWT) is proposed in this paper to calculate the wave propagation and hydrodynamics force based on the incompressible Navier-Stokes equations by using the commercial computation fluid dynamics (CFD) software. The volume of fluid method is used to capture free surface. CFD code to generate waves in the NWT is first validated by analytical theory to check its accuracy. Next, a cylinder structure model is introduced to study the interaction of the structure with the wave load. The experiment included a cylinder structure, which was set up in a flume, to compare the wave load against numerical results. The performance of the numerical model is validated and verified by several cases, and it shows very good agreement with the experimental test.
structures appear with the development of ocean resource exploration, which are constructed or supported by cylinder structures. Thus, wave loads on cylinders have been widely studied in coastal and offshore engineering. In 1950, Morison et al. [3] put forward the Morison Equation, which can calculate the wave load for the small-scale cylinder strutures. Currently, researchers mainly focus on theoretical analysis, physical model experiments, field observations, and numerical simulation [4] [5] [6] .
The most commonly methods for wave research are physical model experiments in a wave tank or wave flumes, which have been used for decades to conduct tests and research. These tests have provided many valuable results that have helped in the design of devices, structures and even help setup codes. A wave tank is characterized as a long and narrow enclosure with a wave-maker at one end [7] . Waves in the wave tank are generated through the movement of a paddle, which is also known as a wave-maker [8] . The most common of these wave-makers are piston, flap and wedge types. It is apparent that to acquire wave tanks is an expensive task. They also demand a large enough space to house them, which can add to the cost. In addition, prototype construction and testing takes a lot of time. Furthermore, the cost associated with construction of a model at its infant stage is significant, and there is no guarantee that the design would work properly in the first instance. Compounding these expenses is the cost associated with redesign and re-testing.
The need to find an alternative without compromising the integrity of the results has led to the development of Numerical Wave Tanks (NWTs). An NWT is simply a numerical representation of a physical wave tank [9] . The development and advancements in computer processing power have paved the way for the use of Computational Fluid Dynamics (CFD) codes that are used to accomplish this task. Various numerical modeling techniques, such as the boundary element method (BEM), finite element method (FEM) and finite volume method (FVM) , are all employed to represent linear wave and nonlinear moving of floating structures in water. Bihs et al. [10] developed a three-dimensional NWT to study the wave propagation and calculate the wave loads based on Navier-Stokes equations. Tutar and Mendi [11] investigated the overall performance of a turbine using the numerical wave flume, which was based on volume of fluid (VOF) method coupled with a finite volume method (FVM) approach. Tang et al. [12] investigated the dynamic properties of a dual pontoon floating structure using a two-dimensional fully nonlinear NWT. The boundary element method was used to calculate wave loads. Finnegan and Goggins [13] developed a CFD wave tank model to generate a linear irregular wave for representing real ocean waves at full scale. Hu et al. [14] used the CFD package-Open Field Operation and Manipulation to study the interactions of wave and structures. NewWave theory is introduced to establish wave boundary conditions to represent an extreme wave condition. Prasad et al. [15] simulated waves in a 3D NWT by employing the VOF method to capture free surface. The numerical code to generate waves in NWT can be verified by experiment data. Li and Lin [16] studied a surface-piercing structure against a combined wavecurrent flow in a 2-D NWT. The model is based on Reynolds averaged Navier-Stokes (RANS) equations and renormalization group (RNG) k-ε model. Yu and Li [17] employed CFD method based on RANS to investigate the hydrodynamic characteristics of two-body floating-point absorber. Liang et al. [18] simulated a piston-type wavemaker to generate a series of irregular wave based on FVM. Moreover, the simulated results were compared to those of an experimental wave tank.
As previously introduced, analytical models are based on many hypotheses, which might show incon-sistency in coupling with the general computational fluid dynamics (CFD) codes. Numerical accuracy and stability are important for the good performance of NWT based on Navier-Stokes equations. NWTs are a promising method for wave research. However, current numerical models for NWTs are still far from mature. Among all the technical difficulties, the accurate generation of waves should be one of the priorities.
In the present work, a 3D NWT is established within a full-scale physical wave tank, which is located at Ocean University of China. Commercial CFD code-Fluent is used to model the 3D NWT. The waves in the NWT is generated using a piston type wave-maker which is located at the inlet of the domain. The CDF code solves the RANS equations and the free-surface is captured using VOF method. Firstly, the numerical code to generate waves in NWT is validated against theoretical solutions to check the accuracy and robustness of the code. Furthermore, a wave-structure interaction model is proposed in the realistic physical wave tank. The use of the numerical model is maximized here as no scaling is introduce, therefore a more realistic model and structure response is presented. And the wave-structure interaction model could be verified by comparing to the experimental results, which can verify the robustness of the 3D NWT code in the meanwhile.
The paper is organized as follows. Section 2 proposed the numerical wave tank. Section 3 established the experimental details of wave and structure interaction. Section 4 discussed the numerical wave tank validation and the numerical results for the interaction of structure with NWT wave. And Section 5 gives the conclusions.
II. NUMERICAL WAVE TANK A. GOVERNING EQUATIONS
Steady three-dimensional potential flow will be considered in this section, which contains air and water in the computational domain. The two phases are separated by an interface (free surface). The two phase of fluid are both assumed to be incompressible, inviscid and irrational in this study. Also, the two phases are immiscible. Continuity equation and RANS equation are used as the governing equations for the incompressible turbulence fluid. The equations are shown in Equ. (1), (2), (3) and (4) [19] :
Where, x, y, and z represent the coordinate component; u, v, and w are the velocity vector in the x, y, and z directions, ρ is the density, µ is the dynamic viscosity, and Su, Sv, and Sw are the generalized source terms. The RNG k-ε model was adopted to calculate the results of turbulence phenomena, as shown in Equ. (5) and (6) .
Where K is turbulent energy, ε is turbulent energy dissipation rate, µ eff is diffusion coefficient, G k is the production of turbulent kinetic energy, and C 1ε and C 2ε are the empirical constants, which are 1.42 and 1.68, respectively. In the NWT, VOF method is used to capture the fluctuation of the water-air free surface [20] . The coefficient of phase function α is defined as the quantity of water per unit of volume in each domain. This means that if α = 1, the whole domain is full of water; if α = 0, the whole domain is full of air, and in any other case, it is within the air-water interface. The properties of fluid can be calculated at each section simply by weighting them using VOF function as shown in Equ. (7):
The continuity equation for the volume fraction is written in Equ. (8):
The three-dimensional (3-D) numerical wave flume (NWF) constructed as a representation of the experimental wave flume is illustrated in Fig. 1 . The overall size of NWF is 25 m length, 3m width, and 1.5m depth. Boundary conditions should be set for the computational domain in CFD [21] . There are six boundary conditions in this study, including top, bottom, right, left, front and back, of the 3D numerical wave flume. The boundary condition set is shown in Fig. 1 . The no-slip wall condition was imposed on the bottom, front and back boundaries of the numerical tank. Based on the Prantl theory [22] , there is a very thin boundary layer near the solid surface. The flow in the boundary layer has great velocity gradient, and the velocity of flow very close to the surface is equal to that of solid surface. The flow velocity outside of boundary layer is uniform and constant, and has no velocity gradient. Therefore, the velocity of flow very close to wall is zero under the no-slip boundary condition. The fluid far away from walls has uniform velocity. The no-slip condition can ensure that the fluid moving over the solid surface does not have a velocity relative to the surface at the point of contact.
The left boundary is defined as the velocity-inlet and the inflow boundary condition was applied by the numerical maker, which was set in a User Defined File (UDF). Top boundary was open to the atmosphere and defined as a pressure-inlet. Thus, the boundary condition was defined as opening with a relative pressure set to 0 Mpa. And the right boundary of computational domain was applied pressureoutlet. The actual boundary conditions are listed in Table 1 . The propagating waves are produced by a numerical wave generator at the left boundary in the NWT through wave generation domain and the opening absorbing boundary is defined at the right-end boundary to prevent wave reflection back into the flow solution domain. A numerical wave maker was set to reproduce a numerical wave at the inflow boundary by providing the velocity of the numerical wave maker. The velocity vector of the regular wave was defined by the Stokes 2 nd order wave theory in this study [23] . The following Equ. (9) and (10) for the velocity components, u x and u y , in the x and y directions, respectively are used to generate regular waves at the inflow boundary. η is the wave surface equation, to define the actual wave profile in the inflow boundary, as shown in Equ. (11):
Where H , T , L, and d are the wave height, period, length and water depth, respectively, and their values are 20 cm, 2 s, 5.2 m, and 1 m, respectively, in the NWT. To absorb the wave energy reflecting from the structure wall, end wall and input boundary are set in the NWT. Artificial damping zones are located at a wavelength of the distance from the fluid outlet boundary. In the damping zone, the wave motion also follows the continuity equation. According to the damping term in the momentum equation, wave energy can be absorbed effectively in the damping zone. The momentum equations are shown as follows:
Where σ is the wave damping coefficient, α is the empirical coefficient, and x 1 and x 2 are the starting and end location, respectively, in the damping zone. The NWT was modeled using commercial CFD code ANSYS-UDF [24] . A finite volume method (FVM)-based numerical flow modeling approach of CFD is used to solve the three-dimensional (3-D), unsteady partial differential equations (continuity, momentum and energy equations) together with the turbulence transport equation, general motion (rotation) of the wave propagation and surface tracking. Within this scheme, pressure and velocity are coupled implicitly by using the time-advanced pressures in the momentum equations and the time advanced velocities in the continuity equations. The NWT model is shown in Fig. 2 .
The computational zone is regular, and structural grid is used to mesh. The element size is set at 0.1 m. To accurately capture the wave free surface in real time, the grid is encrypted in a wave higher than the still water. The grid in the wave absorbing zone is gradually thinned by a ratio of 1.2. Thus, Fig. 2 shows the generated multi-block mesh configuration containing the optimum number of 682,500 mesh cells.
III. EXPERIMENTAL TEST
For the purpose of verifying the feasibility of numerical simulation result, a physical model test in wave tank was conducted at the Ocean Engineering Laboratory, at the Ocean University of China. The experiment settings are illustrated in Fig. 3 . The wave flume is 3 m wide, 1.5 m deep, and 30 m long, which is equipped with a piston type wave generator at one end to achieve different waves. By controlling the displacement and velocity of the wave generator, desired waves of various heights and periods were obtained. At the other end, a parabolic type passive absorber is installed to absorb the energy of incident wave and minimize wave inflection at the end of the channel. The vertical cylinder model made of polymethyl methacrylate was set 10 m downstream of the wave generator. A capacitance type wave gauge is installed 2.6 m upstream of the vertical cylinder. This gauge is used to measure the incoming wave properties such as wave height (H) and wave period (T). The voltage obtained from the wave gauges are recorded in a computer by using data acquisitions and data monitoring system. Then, the voltages were converted to wave height by calibration. The data sampling rate is taken as 10 units per second for wave measurements. The ranges of wave height and wave period are found to be 0.05-0.2cm and 0.5-2s, respectively. In the experimental test, wave height and wave period are set at 0.2 m, 0.15 m, and 1.5 s, 2.0 s, as shown in Table 2 . During the experiment, water depth was set at 1.5 m and the submerged depth was maintained at 1 m. the experimental device is installed as shown in Fig. 4 . The experimental device mainly contains a six-dimensional force sensor, metal connection plate, flange and chord pole model.
A fixture structure was installed on the groove wall of the experimental water flume to fix and mount the whole experimental device. The six-dimensional force sensor is on the top, connected to the cylinder model by a chord and a flange. The flange can drive the lower part of mechanism rotation. The wave forces on the vertical cylinder can be measured using the six-dimensional force sensor, which contains three forces and three torques in the directions of x, y, and z, respectively. And the x force is define along the wave propagation as shown in Fig.4 , and indicates the wave loads on the cylinder. All the digital signal measurement are logged simultaneously and data acquisition was done at 60s intervals with a sampling interval of 0.01 s. 10 wave cycles of data (after wave front) were chosen to measure waves and forces, avoiding possible reflection from the wave absorbing section. The signals of six-dimensional force sensor are handled using a data logger. The voltages were converted to force or torque on the computer that can be recognized directly. The data acquisition system is shown in Fig. 5 . 
IV. RESULTS AND DISCUSSION

A. NUMERICAL WAVE TANK VALIDATION
A series of initial simulations are performed in the NWT. The wave height, wave period, and wave depth are set as 20 cm, 2 s and 1 m, respectively. The formation of the wave travels from left to right as shown in Fig. 6 . The wave takes 8 s to reach the back wall and achieves stability at approximately 10s. In Fig. 6 , the red region represents water while the blue region represents air. The waveform of the NWT is generated over time and stable after 10 s, when the wave absorbing zone is smooth.
To verify the present numerical approach for modeling of the generation and propagation of regular waves, the wave elevation in NWT is evaluated to compare it to the Stokes 2 nd order wave theory. Fig. 7 clearly demonstrates the wave elevation of the numerical data retrieved at a probe position of x = 5 m with the analytical theory for the selected medium mesh size of 682,500 mesh cells. Three numerical wave tanks under different wave heights and wave periods are listed in Figure7. At the same time, the incident wave heights were recorded without a structure in the wave flume, which is used to compare with the numerical data. Initially, the wave elevation generated by NWT is smaller than that of the analytical theory and experimental data. But it has been stable after a period of time and correspond well with analytical theory and experimental data under three different cases. Therefore, the validity of using the numerical approach to generate regular waves based on the Stokes Second 2 nd order theory was verified.
Five probes have been set at the numerical wave tank to validate the generating wave effect of NWT, including x = 5m, x = 10m, x = 15m, x = 20m, and x = 22m, as shown in Fig. 1 . And the wave elevations at different probe positions are illustrated in Fig. 8 . It can be shown that wave heights of 5m, 10m and 15m is very regular over time, which is located at the wave generation zone of numerical tank. However, the wave height becomes smaller when the probe is located at 20m. It is because that the generated wave have been absorbed by the damping zone. When x = 22m, the wave height is always zero over time and the wave height curve is a straight line, which presents no waves here. It also shows that wave energy reflecting from the structure wall have been absorbed completely at the damping zone. It also can be concluded that CFD code for this NWT is validated in the generating zone and damping zone. Moreover, as the wave moving forward, the wave height has a little reduction at x = 10m and x = 15m. This is because that the wave energy decreases as the wave propagation due to the water viscous effect.
B. NUMERICAL RESULTS FOR THE INTERACTION OF STRUCTURE WITH NWT WAVE
A numerical simulation was carried out to investigate the wave loads that affect a cylinder type fixed offshore substructure. In this study, a finite long cylinder is adopted to analyze the accuracy of the model's prediction of the interaction of the structure with the NWT wave. The cylinder is positioned 7 meters from the wave maker, as shown in Fig. 9 .
The whole NWT model is also mesh with a hexahedral element. It may be noted that additional mesh refinement is needed around the structure because of the introduction of the structure model. The mesh close to the cylinder is used for the tetrahedral element for more refinement. The number of elements in the mesh is increased to 877,790. The wave environment conditions are the same with that of Table 2 . A numerical simulation was carried out for a period range as 20 s with three different levels of wave steepness. The condition of the numerical wave maker and damping domain was the same as Figure 2 . The total computation time was approximately 24 h with the specification of the computer as an Intel Xenon CPU E5-2640 for the period of a wave.
The interaction between the ocean wave and vertical cylinder is shown in Fig. 10 . It illustrates snapshots of the wave surface elevation over a period of time under different wave conditions. These snapshots all illustrate free surface deformations corresponding to the relative vertical cylinder. It can be seen that, the propagation speed of the wave profile is fast in Case 1. The propagation speeds of Case 2 and 3 are nearly the same. This is because the wave velocity is proportional to wave period, and the same wave periods have the same wave velocities. However, the wave profile in Case 3 is inconspicuous because of the small wave height.
By recording the wave displacement at the cylinder face, it can be achieved the effect of a cylinder on the NWT. A wave probe is set at the cylinder face in the NWT, which is at the location of x = 10m. In Fig. 11 , the wave displacement with a cylinder in the NWT is compared with that of no cylinder in the NWT. It can be seen that the waveform variation with cylinder is the same with that the NWT. But the maximum value of wave height reduces a lot because of the existence of cylinder. The total horizontal forces on cylinders were plotted as a function of time, as shown in Fig. 12 . Under different wave conditions, the changing trend of wave load on the cylinder is almost the same. The load under Case 2 is almost larger than the other cases. The wave load on the cylinder in the x direction can be written in Equ. (15) . It is clear that the wave load is proportional to the velocity in the x direction. u x is dependent on H/T, as shown in Equ. (15) . The value of H/T in Case 2 is larger than in the other cases. Therefore, the wave load obtained by the numerical model is validated and reasonable. 
C. COMPARISON OF EXPERIMENTAL RESULTS AND NUMERICAL RESULTS
A comparison between numerical results and experimental results can be seen in Fig. 13 . Meanwhile, the theoretical result based on the Morison Equation is used for comparison. The red wave load curve is very regular, which shows the wave load on the vertical cylinder changing theoretically. At the initial time, numerical results and experimental results both increases with the time and reaches a stable state after a period of time. For Case 1, the numerical wave tank takes about 5s to reach stable. So the wave load curve is changing similar to the theoretical result. For experimental result, its period has a little difference with other results, but the magnitude of load is almost same with numerical result. For Case 2, the load magnitude of numerical and experimental results are almost same with theoretical result. But the period of experimental data is smaller. For Case 3, numerical result is consistency with the theoretical result.
But the experimental result have a little differences. It can be concluded that numerical results have good consistency with the theoretical results, and have a little differences with the experimental results. It can be explained that the experimental results may be affected by the factors of measurement equipment, cylinder structures, and environment and so on. Therefore, the numerical results are in an ideal condition, which is very close to the theory results. It also shows that the NWT is validated to simulate different wave conditions and can be extended to the model.
V. CONCLUSION
In the work, a numerical model for a wave tank that can accurately simulate ocean wave is proposed. The incompressible Navier-Stokes equations are used to solve with RANS turbulence closure. To obtain stable and accurate wave propagation results, high-order numerical discretization schemes on a Cartesian mesh are chosen. Next, the interactions of wave with a vertical cylinder are studied computationally for different wave heights and wave periods. Meanwhile, a physical model test was conducted in a wave flume to verify the feasibility of the numerical simulation result. The following can be concluded:
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